Abstract--Lattice spacings of layer silicates, particularly clay minerals, may exceed 20 A. The errors in measuring lattice spacings increase rapidly for spacings greater than about 10 A and diffraction angles 20 tess than about 10 ~ Long-chain organic compounds, such as normal alcohols, ClcC2o, and normal alkancs (paraffins), Cz6-C3o, provide useful calibrations for lattice spacings in the range 10-50 A. The basal spacings of the calibrating substances are determined from their higher order reflections in the angular range where reflections from quartz and silicon are used as standards.
The measurement of lattice spacings greater than about 10A. in layer silicates, particularly in clay minerals, is subject to several sources of error, of which some arise in the conventional use of diffractometers, and others are related to the nature of the diffracting materials and the diffraction process itself. Kittrick (1960) emphasized that when X-ray diffractometers are adjusted by observing reflections from silicon or quartz powders, any lack of perfection in the adjustment or in the instrument itself becomes greatly magnified when measurements are made at small angles. If To improve the accuracy of long spacing measurements, Kittrick (1960) recommended that diffractometers be adjusted with respect to an accurately known long spacing reflection and showed that the strong (010) reflection from cholesterol could be so used. Cholesterol has d(010)= 33"6 ~ I = 100, and is not listed alphabetically, but appears in disguised form as 5-cholesten-3fl-ol). Sudo and Hayashi (1955) previously used ~-stearic acid, with c sinfl = 39.8 A, as an internal standard but remarked that mechanical deformations must be avoided because "the crystal configuration is easily collapsed-by grinding'.
In recent personal correspondence with Dr. D. H. Fink of the U.S. Water Conservation Laboratory, Phoenix, Arizona, a letter from the late Dr. W. F. Bradley dated 30 March 1970, to Dr. Fink was brought to our attention, in which Bradley suggested the possible Use of purified long-chain hydrocarbons for calibrating small angle reflections. Having already available a number of long-chain normal primary alcohols extending up to C2o, we have examined their suitability for calibrating long-spacing measurements. Some long-chain normal alkanes (paraffins) also have been obtained and examined.
USE OF LONG-CHAIN ALCOHOLS AND ALKANES AS CALIBRATING SUBSTANCES
These materials are waxy solids with low melting points. They crystallize I with long basal spacings related to the number of carbon atoms in the chain molecules and furnish a sequence of strong and sharp basal reflections with no confusion from other reflections down to around 3 A. Many of these compounds crystallize with more than one crystalline arrangement, 313 in triclinic, monoclinic and orthorhombic forms. Robertson (1953) summarized data for the long spacings of alkanes and more recent summaries have been given by Broadbent (1962) and by Nyburg and Potworowski (1973) . We have not found any similar compilation for long-chain alcohols.
The basal reflections from these substances are strongly developed either by melting thin layers on glass slides or by crystallization from solutions. They are also strongly developed by pressing the waxy materials into a shallow cavity in a glass or metal slide, but this type of sample preparation has disadvantages, as discussed later. Kittrick emphasized that a standard substance should have a well-established spacing from whatever source it is obtained. However, this requirement is less critical with the long-chain compounds because their spacings are easily measured by direct comparison with quartz or silicon reflections. The fact that several polymorphic forms may occur appears at first sight to be a disadvantage, but actually may be useful because more calibration lines are provided.
For accurate calibration, the essential requirement is that the volume from which X-rays are reflected and its position relative to the diffractometer must be the same for the calibrating substance and for the material under investigation. This requirement can be achieved by using a mixture of the two substances, but this method has the disadvantage that the two diffraction patterns are superposed, and it is not always convenient to make such mixtures.
An alternative method is to calibrate the diffractometer using extremely thin layers of the organic materials on glass slides. The slides can be retained for quickly checking the calibration of the instrument at any time. Extremely thin layers are necessary because of the low absorption of X-rays in organic materials. The linear absorption coefficients of silicates and organic materials of the long-chain type for CuK~ radiation are of the order of 75-100 for silicates, and about 4-5 for organic materials. Suitably thin layers are obtained by melting about 2mg of the organic material in an area about 1"5 x 2 cm 2. If 0.83 g/cm s is taken as the average solid density of these organics, then the calculated layer thickness is of the order of 8 x 10 -4 cm. These thin layers give an excellent series of basal reflections, and 15-20 orders can be measured. If the silicate mineral is dispersed in water and then dried as a similar thin layer on a glass slide, it can be taken that the X-ray reflections from the silicate and the calibrating substance come from essentially identical thin volumes. If the silicate powder is contained in a cavity, the penetration of the radiation is so small that the reflected radiation comes essentially from the surface.
RESULTS
A few results will be given to illustrate the use of long chain n-alcohols and n-alkanes for diffractometer calibration. Table 1 records data These values of Ad for several long-chain compounds when plotted against 20 enable a calibration curve for the diffractometer to be drawn. However, when spacings as long as 30 A are involved, the ultimate accuracy depends on the measurement of 20, for an error of 0"01 ~ in 20 becomes an error of 0.1 in a 30 A spacing when measured with CuK~ radiation, i.e. the accuracy is of the order 0"3 per cent. The instrumental calibration is therefore somewhat more accurate than the limit imposed by the measurement of 20 for spacings of the order of 30 ~. For spacings of about 15 A, the limit imposed by the measurement of 20 is about the same as that arising from the instrumental calibration. Table 2 lists the measured spacings of normal alcohols with C~4, C~, C1~, C2o, and atkanes C2~,, C28 and C3o. These values are believed to be accurate to about 0.1 per cent. Two or three different sets of basal spacings are obtained for each substance corresponding to different angles of tilt of the molecules in the various structures. The alcohols were commercial grade samples from the Continental Oil Company and were labelled 'Alfols'. The spacing for hexadecanol, 37-06/~, is close to the value 37.2 +_ 0.15~ given by Abrahamsson et al. (1960) . The alkanes were supplied by Dr. T. E. Daubert of the Chemical Engineering Department, Pennsylvania State University; they came from the Humphrey-Wilkinson Co., North Haven, Connecticut and were said to be better than 99 Nyburg and Potworowski (1973) . While the present data in Table 2 are thought to be correct to about +0-1 per cent, they are given primarily to assist in selecting a suitable standard. It is not known if the values for the commercial grade alcohols are affected by impurities. It is recommended that an investigator using these materials should measure the basal spacings with respect to quartz or silicon data in the manner of Table 1 . tt is possible that samples from different sources may have somewhat different basal spacings.
OTHER SOURCES OF ERROR IN MEASURING LONG SPACINGS
In determining long spacings in clay minerals other sources of error can arise besides those arising from instrumental causes. At small 20 angles, lattice spacing and peak position may not be related exactly by the Bragg equation. The X-ray intensity near a Bragg reflection angle depends on the variation of the lattice structure factor and the Lorentz-polarization factor with the diffraction angle 20, and also on the number of cooperating lattice planes. The combined structure and Lorentz-polarization factor increase very rapidly as 20 diminishes towards zero. Consequently the intensity on the small angle side of a Bragg reflection angle is enhanced with respect to that on the high angle side; the reflected intensity peak is displaced towards smaller angles and the apparent spacing is increased. This effect is particularly important when the number of diffracting planes is small (less than about 10) and the peaks become broadened (small crystal broadening). When long spacings and small 20 values are involved, this effect becomes still more important and corrections for the Lorentz-polarization-structure factor variations must be taken into account. Ross (1968) and Reynolds (1968) have considered these questions in detail.
It is observed in Table 1 that for tetradecanol d(OOl)ob~" for small values of l is displaced to smaller spacings than d(OO1) ...... which is in the opposite direction to that discussed in the previous paragraph. The organic reflections give sharp peaks and the Lorentzpolarization structure factor effect therefore is quite small. Therefore, the organic reflections at small l are displaced mainly for reasons related to the adjustments of the diffractometer.
Long spacings are usually developed by an alteration of two layers of different kinds, as for example in mica chlorite interstratifications. The position of a diffracted intensity peak may then depend on the degree of order (or disorder) in the layer succession.
These additional considerations are mentioned briefly here because it is important to recognize that calibration of the diffractometer in measuring small values of 20 takes care only of instrumental sources of error. Further corrections may be required in going from a value of 20 to a lattice spacing d.
